The adhesion of cells to vertically aligned TiO 2 nanotubes is reviewed. The attraction between a negatively charged nanotube surface and a negatively charged osteoblast is facilitated by charged protein-mediators like proteins with a quadrupolar internal charge distribution, fibronectin and vitronectin. It is shown that adhesion and spreading of osteoblasts on vertically aligned TiO 2 nanotube surfaces depend on the diameter of the nanotubes. Apparently, a small diameter nanotube surface has on average more sharp convex edges per unit area than a large one, leading to stronger binding affinity on its surface.
INTRODUCTION
Orthopaedic implants are of immense importance at the end stage of destructive joint diseases like osteoporosis and osteoarthritis. Demand for implants is continuing to rise sharply due to constant growth in the elderly population worldwide. To address this challenge, modelling and simulation of the interactions between the implant and the surrounding body tissue have become of increasing importance. This mini-review is focused on the interactions of osteoblasts with nanostructured titanium surfaces.
It was observed recently that roughness of titanium surfaces alone influences the adhesion of osteoblasts and their spreading and proliferation. In the past, the influence of the roughness of the titanium surface on osteoblast attachment was studied mainly at micrometre scale [1] [2] [3] [4] [5] [6] , while in recent times more attention was paid to the nanostructured titanium surface as a vertically aligned TiO 2 nanotube surface [6] [7] [8] . In order to elucidate the behavior of osteoblasts in response to the nanostructured surface topographical effect, in this mini-review the possible mechanisms of adhesion of cells to a vertically aligned TiO 2 nanotube surface ( Fig. 1) are discussed.
FORMATION OF TIO2 NANOTUBE SURFACE
Smooth surfaced titanium sheets (99.6 percent purity, Advent Ltd.) may be used as substrates for the anodic growth of TiO 2 nanotube layers [7, 9] . Before electrochemical anodization all samples should be polished to obtain smooth *Address correspondence to this author at the Laboratory of Biophysics, Faculty of Electrical Engineering, University of Ljubljana, Tr a ka 25, SI-1000 Ljubljana, Slovenia; Tel: +386 31 356 953; Fax: +386 1 476 88 50; E-mail: ales.iglic@fe.uni-lj.si surfaces. Thus the titanium sheets were mechanically ground, lapped and finally polished (New Lam System). For anodization an electrochemical cell with a three-electrode configuration was used. Platinum gauze served as the counter electrode and a Haber-Luggin capillary with an Ag/AgCl (1M KCl) electrode was used as the reference electrode. For electrochemical experiments a high-voltage potentiostat (Jaissle IMP 88-200 PC) was used. Electrochemical treatments were carried out in 1 M NaH 2 PO 4 with addition of 0.12M HF [7, 9] . For nanotube formation, potentials of 1 V and 20 V at room temperature were applied for 2 hours and resulted in nanotube diameters of 15 nm and 100 nm, respectively, as shown in (Fig. 2 ) [7, 9] . All electrolytes were prepared from reagent grade chemicals and deionized water. After electrochemical treatment, the samples were immersed in deionized water for two days to reduce the content of residual fluorides in the oxide structures produced, as shown in [9] . All samples were sterilized using an autoclave at 121 o C prior to cell seeding. High resolution XRD of the nanotube layers after autoclaving showed the tubes to be amorphous in nature as shown [9] .
THE MECHANISM OF OSTEOBLAST ADHESION TO THE TIO2 NANOTUBE SURFACE
It was recently suggested that contact between the membrane of the osteoblasts and the titanium implant surface is established in two steps. Firstly, the osteoblast cell membrane makes non-specific contact due to electrostatic forces [5, 6] , followed by a second step where specific binding involving an integrin assembly in focal contact takes place [7, 10, 11] . A possible mechanism of osteoblast adhesion to the implant surface was proposed based on the assumption that positively charged proteins [6, 12, 13] or proteins with positively charged tips, i.e. a quadrupolar internal charge distribution [5, 6] attached to the negatively charged implant surface, serve as a substrate for the subsequent attachment of negatively charged osteoblasts. It was shown [5] that for high enough negative values of the charge density of the titanium surface, proteins with positively charged tips are concentrated close to the charged surface and oriented in a direction perpendicular to it.
It was also shown [5] that a high surface charge density on the titanium surface and a high effective quadrupole moment of the protein (i.e. a distinctive internal quadrupolar charge distribution) can turn the repulsive force between a negatively charged titanium surface and the osteoblast surfaces into an attractive force. The corresponding attractive force is also called the bridging force [5, 6, 14] . The origin of attractive interactions between two negatively charged surfaces lies in the electrostatic attraction between the positively charged domains on the tips of the titanium surface-bound proteins with quadrupolar charge distribution and the negative charges of the opposite osteoblast membrane [5, 6, 14] . A non-zero effective internal quadrupolar charge distribution does not exclude the presence of other charged protein groups (usually in pairs of positive and negatively charged groups) between the two positively charged protein tips [5, 6, 14] . A typical example of a such bridging protein with positively charged tips is 2 -GPI protein which may induce strong attraction between negatively charged surfaces [14, 15] . In line with the predicted increased strength of the protein-mediated attractive bridging interaction between a titanium surface and an osteoblast with an increased surface charge density [5, 6, 14, 15] , we propose that the increased surface charge density at the sharp edges of a TiO 2 nanotube surface may promote protein-mediated adhesion of osteoblasts due to the increased accumulation of proteins with quadrupolar internal charge distribution, as well as the increased binding of fibronectin and vitronection [6] .
The origin of the increased binding of fibronectin at sharp edges of vertically oriented TiO 2 nanotube walls may be bridging and direct interaction forces [5, 6, 14, 16, 17] . Accordingly, it was indicated recently that an increase in the Fig. (1) . Electron microscope images of the surface of layers of vertically self-aligned TiO 2 nanotubes. Note that the small diameter (15 nm) TiO 2 nanotubes are much more closely packed than the large diameter (100 nm) ones. The inner and outer diameter of a small diameter nanotube are approximately 10 and 15 nm, and the respective dimensions of a large diameter nanotube are approximately 80 nm and 100 nm. A field emission scanning electron microscope (FE-SEM, S-4800, Hitachi) was used.
Fig. (2).
Quantitative assessment of the amount of fibronectin adsorbed after two washing steps. On 15 nm diameter nanotubes significantly higher amounts of fibronectin was found adsorbed compared to 100 nm diameters (*p = 0.0068) as well as on compact surfaces compared to 100 nm nanotubes (** p = 0.0042). No statistical difference was found in between 15 nm nanotubes and compact (flat) surfaces (p = 0.2014).
negative net charge of a titanium surface promotes the fibronectin-mediated binding of osteogenic cell receptors [18] . In addition to fibronectin, human osteoblasts also adhere to vitronectin [1, 19] . Like fibronectin, vitronectin too contains an Arg-Gly-Asp (RGD) sequence close to the somatomedin B domain which is responsible for integrin binding and cell adhesion [1, 20] . The highly positively charged group of vitronectin near the C-terminal group on the other side of the vitronectin molecule is the binding site for negatively charged molecules of heparin [20] [21] [22] . It can therefore be anticipated that the highly positively charged heparin binding site of vitronectin may be predominantly (electrostatically) bound at the sharp and negatively charged convex edges of TiO 2 nanotubes. On the other hand, the vitronectin RGD binding site on the other side of the vitronectin molecule may bind to the integrin molecule, resulting in a facilitation of the osteoblast adhesion at sharp convex edges of TiO 2 nanotube walls.
To investigate any difference in fibronectin adsorption to surfaces structured with different diameters of TiO 2 nanotubes, the adsorption efficiency of fibronectin was measured quantitatively using ELISA immunoassay. Fibronectin (10 g/mL) was plated at a volume of 100 L on each sample (2 2 cm in size) and incubated overnight at 37 o C. After washing twice with PBS, the samples were incubated with the antibody of rabbit polyclonal anti-fibronectin (Sigma) for one hour at room temperature. After washing away any unbound primary antibody with PBS twice for 5 minutes, the samples were further incubated with a 1:250 dilution of the biotynylated anti-rabbit secondary antibody (Jackson Immuno Research) for 30 minutes at room temperature. After washing with PBS two times for 5 minutes, the samples were further incubated with streptoavidin-alkaline phosphatase complex for 30 minutes at room temperature. The samples were then incubated with alkaline phosphatase pNPP liquid substrate (Sigma) at 37 o C for 4 hours, followed by washing with PBS twice for 5 minutes. Afterwards fibronectin absorbed on the samples was quantitatively assessed with an ELISA plate reader at OD 405 nm.
In accordance with above suggested mechanism of osteoblast binding to TiO 2 nanotube surfaces, (Fig. 2) shows the quantitative ELISA results. These indicate strong differences in fibronectin adsorption to TiO 2 nanotube surfaces with different diameters. A significantly higher amount of fibronectin was found on 15 nm than on 100 nm nanotube diameters. No significant higher amounts of adsorbed fibronectin could be found on 15 nm diameters compared to compact (flat) surfaces. The increased fibronectin and vitronectin accumulation at the negatively charged edges of vertically oriented TiO 2 nanotubes can facilitate the clustering of integrin molecules, which enables the formation of focal adhesion complexes. Due to the larger density area of highly curved nanotube edges, the small diameter TiO 2 nanotube surface has a significant larger portion of fibronectin adsorbed and thus more integrin binding regions than the large diameter TiO 2 nanotube surface. Since there is no significant difference in the binding of fibronectin on the small diameter TiO2 nanotube surface and a flat titanium surface (Fig. 2) , one can conclude that the strength of the attractive interactions per unit area of the edges of TiO 2 nanotube is larger than the corresponding value for a flat titanium surface.
It should be stressed at this point that the semiconductor TiO 2 nanotube layer is much thicker than the very thin oxide layer formed on a flat titanium surface where the bulk titanium properties remain metallic. The surface of the semiconductor TiO 2 nanotubes has a certain number of surface titanium and oxygen dangling bonds, therefore OH -and H + ions and other ionic species present in the electrolyte can be chemisorbed /adsorbed to the TiO 2 nanotube surface in a curvature-dependent way. Also the ions present in the electrolyte used for fabrication the TiO 2 nanotubes can be chemisorbed or adsorbed on the TiO 2 nanotube surface. And finally, since the TiO 2 nanotubes are attached to the underlying metallic titanium foil, the conduction electrons are transferred from the titanium foil to the attached TiO 2 nanotubes. Within the classical approach, the solution side of the semiconductor (TiO 2 ) in contact with electrolyte solution is traditionally described using different mean-field electric double layer theories [23,24,] where the above described surface specific properties of TiO 2 may be captured in one phenomenological parameter, i.e. in the curvature-dependent effective surface charge density [6] . Therefore in the steadystate the non-zero TiO 2 nanotube curvature-dependent surface charge density is established at sharp edges of the TiO 2 nanotube wall, where the initial value of the surface Fermi energy is different from the other regions of the TiO 2 nanotube surface. Using the classical approach the accumulation of charge in the electrolyte at the TiO 2 surface can be described as a capacitor (described within the electric double layer theory) whose capacitance is curvature dependent. The condition of constant electric potential over the TiO 2 surface then implies a curvature-dependent surface charge density (see also [6] ).
DYNAMIC MODEL OF OSTEOBLAST ADHESION TO THE TIO2 NANOTUBE SURFACE
To shed light on the dynamics of membrane growth on the TiO 2 nanotube surface ( Fig. 1) we constructed a computational model based on the membrane free energy of elasticity, which includes the binding energy of integrin molecules to the titanium surface and the nearest-neighbour attractive interaction energy between integrin molecules. The intrinsic shape of integrin molecules is taken into account in the spontaneous curvature in the expression for membrane bending energy. The model described below is an extension of previous theoretical models [6, [25] [26] [27] [28] [29] [30] .
The membrane shape explored in this model describes a segment of the osteoblast outer contour, where the membrane is initially flat. The membrane geometry is under the constraint of translational symmetry. Moreover, we assume that the membrane curvature along the direction perpendicular to the contour is roughly constant, and thus it enters our calculation as a modified membrane tension. The vertical intersection of small diameter and large diameter nanotube surfaces is modelled explicitly as a rectangular edge-like profile. For the case of small and large diameter nanotube surfaces, the widths of the repeating rectangular unit are 3 nm and 15 nm, respectively. According to the diameter of the nanotube surface, the corresponding distances between the edges of consecutive rectangular units are 15 nm and 100 nm.
It is assumed that membrane regions adhering to the nanotube surface cannot be detached by the end of the simulation. This membrane trapping may be due to strong electrostatic interactions of the nanotube surface with the cell membrane and the binding of membrane integrin molecules to fibronectin at the nanotube surface. Regarding the integrin molecules in our model, we assume that their overall number in the membrane is conserved, and that they are allowed to move laterally along the osteoblast membrane. The maximal possible number of integrin molecules in the membrane segment is obtained from the total area divided by the crosssectional area of the extracellular region of an integrin molecule. Our model investigates the coupling between the adhesion of osteoblast cells to the extracellular matrix, the interaction between integrin molecules, and their spontaneous curvature. The free energy expression is employed to derive the equations of motion of an osteoblast membrane contour and the integrin density distributions. The membrane free energy in our dynamic model is:
where the first term gives the bending energy due to the mismatch between the membrane curvature and the membrane spontaneous curvature of integrin molecules, is the bending modulus, H is the local membrane mean curvature, H is the intrinsic mean curvature due to embedded integrin molecules and n is the area fraction density of integrin (relative density). The second term t is the Lagrange multiplier (having the units of membrane surface tension) for the conservation constraint of the total membrane area. The third term gives the energy due to the force of the cytoskeleton inside cells and s is the restoring cytoskeleton spring constant. The fourth term is the negative binding potential of integrin molecules ( >0). The fifth term describes the direct interaction Bragg-Williams term between neighboring integrin molecules. The sixth and seventh terms are the entropic energies, taking into account the finite areas of integrin molecules. is the directinteraction Bragg-Williams constant ( >0), c is the number of the nearest neighbour integrin molecules, h=h(s) describes the magnitudes of small deformations from the flat membrane, and n s =1/a 0 is the saturation area density of integrin molecules, where a 0 is the cross-sectional area of a single integrin molecule.
It is assumed that the aggregation and binding of integrins can occur only at the top surface of the rectangular profile (i.e. above the edge regions of the nanotube surface). Therefore, the binding constant ( ) and the interaction constant ( ) are positive only in membrane regions above the edges of the nanotube surface. In the following the free energy is normalized with respect to d m so F/ d m F, and as a result, the free energy is considered to vary along the membrane contour. The variation in the direction perpendicular to the membrane contour is assumed to be constant. We next derive the equations of motion of the membrane contour using differentiation of the free energy (Eq. (1)) with respect to the membrane coordinate [6, 26, 28] and integrin concentration. To take into account the drag due to viscous forces, we assume for simplicity only local friction forces with coefficient . For the nearly flat osteoblast membrane, the equation of motion of the membrane is given by
where t is time, and f is F/dA. Note that the force density f h(s) equals the membrane shape velocity times the friction coefficient, but is opposite in direction. Since the relative change in the y (i.e. vertical, y=h(s)) direction is considerably greater than the change along the x (i.e. horizontal) direction, we only consider changes along the vertical y direction.
Differentiation of the free energy (Eq. (1)) is projected to give the forces normal to the membrane contour. We now list the forces derived from differentiation of the free energy (Eq. (1)):
F spring = 2 s h, (6) 
where F curvature is the force due to the curvature energy mismatch between the membrane curvature and the spontaneous curvature of the integrin molecules, F tension is the membrane tension force, F binding is the force due to binding of integrin molecules, F spring is the spring restoring force, F entropy arises from the entropy of the integrin molecules in the membrane, which acts to expand the length of the contour, and F interaction is the force due to the direct interaction between neighboring integrin molecules. The non-linear term 0.5 H 3 in F curvature in the following is neglected.
We now calculate the dynamics of the integrin density, using the following conservation equation:
where is the mobility of filaments and J is the total current of integrin molecules on the membrane, which includes the following terms:
J interaction = c n n, (12) J diffusion = D n, (13) where J attraction is the attractive flux resulting from interaction between the integrin molecules through the membrane curvature, J dispersion is the dispersive flux due to the membrane resistance to integrin aggregation resulting from their membrane bending effects, J interaction is the flux due to the direct interaction between integrin molecules, and J diffusion is the usual thermal diffusion flux, which depends on the diffusion coefficient, D= kT. The last term in Eq. (9) arises from the covariant derivative of the density with time on a contour, whose length evolves with time. In this term ds is the infinitesimal contour (line) element. This term ensures that the total number of integrin molecules is conserved as the contour length changes. Note that the fluxes due to entropy were not taken into account due to their relatively small magnitude.
In present study the results were calculated using numerical simulations of the dynamics of the model system beyond the linear limit. The above explained differential equations were solved using an explicit Euler method in Matlab. We checked for the convergence of our onedimensional simulations, in space and time. A variation of the Monge representation h(s) was employed to simplify the numerical computation, such that the curvature force was kept only up to linear order. For simplicity, the boundary conditions on the nearly flat membrane were taken to be periodic. The following is a list of the parameter values incorporated in our numerical simulations: s =0.008 g m 
RESULTS OF NUMERICAL SIMULATIONS
Previously, it has been shown experimentally that nanotube surfaces facilitate the binding of osteoblast cells only when the nanotube diameter was 15-20 nm. On the other hand, osteoblasts on large diameter nanotube surfaces (>30 nm) formed fewer focal contacts, while demonstrating more cell death. In the present model, the binding and interaction of integrin molecules were incorporated into the free energy equation using a negative binding energy term and a negative interaction term (Eq. (1)). The underlying assumption of our model was that the binding and interaction constants were positive only in the osteoblast membrane regions directly above the nanotube surface (edge) regions.
We then performed a linear stability analysis in the approximation of a nearly flat membrane shape. The dynamics in our system was driven by two mechanisms. The instability that leads to the initial growth of membrane protrusions was driven by the interplay between the positive membrane surface tension, negative binding potential, and direct interaction energy. The instability in the system was stabilized by membrane embedded integrin molecules that flowed into favourably curved membrane regions, thereby reducing the free energy of the system. The above dynamics was driven by a positive feedback loop in which the influx of integrin molecules towards favourable curvature regions increased the positive membrane curvature, leading to further attraction of integrin molecules. In the numerical simulations presented (Fig. 3) , it was assumed that the osteoblast membrane at the start was positioned 10 nm above the flat nanotube surface, where the total length of the membrane was 2 m (Fig. 3) . Furthermore, a random perturbation of small amplitude <1% of the integrin density was added around the initial uniform density of the integrin molecules.
The conditions for instability were satisfied only for the small diameter nanotube surface, at which initial membrane growth was observed (Fig. 3) . During the simulation, larger membrane protrusions were formed by the coalescence of smaller membrane protrusions. The large membrane protrusions eventually adhered to the titanium surface, trapping the adhering membrane regions by the end of the simulation (Fig. 3) . In contrast, no growth was observed for the large diameter nanotube surface (Fig. 3) .
CONCLUSIONS
In the present study, a dynamic model was employed to demonstrate that in the limit of a large binding potential for integrin molecules at the edges of vertically oriented TiO 2 nanotubes, there is a strong attraction of the cell membrane to the small diameter nanotube surface. The small diameter nanotube surface has a significantly larger portion of strong integrin binding regions (due to the larger area density of highly curved nanotube edges) than the large diameter nanotube surface. In addition, the extracellular part of the integrin molecules (of conical shapes) can easily bind to neighboring nanotubes on the small diameter nanotube surface, since the interacting integrin molecules are in contact with the nanotube edges. Certainly this is not possible on a nanotube surface having too large hollow interior space.
Here, it was proposed that the observed aggregation of integrin molecules forming focal adhesion is additionally enhanced on small diameter nanotubes because the extracellular part of integrin molecules is of similar size, enabling crossbinding over the edges of neighboring nanotubes. We suggest that the enhanced growth of the cell membrane on a vertically oriented nanotube surface is facilitated by the interaction of integrin molecules during the formation of a focal adhesion.
The TiO 2 nanotube surface has an increased surface charge density at the sharp edges which promotes the adsorption of fibronectin and vitronectin molecules, and proteins with a quadrupolar internal charge distribution. The result is a more efficient adhesion and spread of osteoblasts to the vertically oriented TiO 2 nanotubes (Fig. 2) . The fact that the small diameter nanotube surface has on average more sharp edges per unit area with an increased surface charge density in comparison to the large diameter nanotube surface (Fig. 1) may explain why the osteoblast binding affinity of a small diameter nanotube surface is larger than the binding affinity of one of large diameter. Based on the experimental results presented in this work (Fig. 2) and the recent suggested mechanism of protein-mediated attractive interaction between a negatively charged surface and negatively charged osteoblasts [5, 6] (as well as to cation mediated binding of fibronectin [17] and electrostatic binding of vitronectins), we suggest that the negative surface charge density at highly curved edges of a TiO 2 nanotube wall surface contributes to the increased strength of osteoblast adhesion. Fig. (3) . The effects of large and small diameter nanotube surfaces on the theoretically predicted membrane shape and adhesion. The modelled membrane segment with a distribution of integrin molecules of positive spontaneous curvature is positioned 10 nm above the large diameter (100 nm) surface (A) or above the small diameter (15 nm) nanotube surface (B). The vertical cross-section of the nanotube is modelled explicitly as a rectangular edge-like profile. The binding and interaction energies facilitated by the nanotube surface are incorporated into the free energy by having non-zero integrin binding and interaction potentials above the nanotube edge regions, while above the void regions (i.e. across the nanotube diameter) the binding and interaction potentials are zero. Steady state membrane shapes (h(x)) and integrin density distributions (n(x)) for the adhesion of an osteoblast membrane to the large diameter (100 nm) (C,E) and the small diameter (15 nm) (D,F) nanotube surfaces are plotted. Close-up views of membrane growth on the 15 nanotube surface demonstrates the uneven adhesion of cell membrane to the nanotube surface (G,H).
